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LIVER CIRRHOSIS REPRESENTS the final pathological pathway in the process of many chronic liver diseases of different causes; it is histologically characterized by the formation of fibrotic scar tissue that distorts the parenchyma and the conversion of a normal architecture into structurally abnormal nodules (9, 74) . This chronic liver disease is associated with cardiovascular dysfunction, including hyperdynamic circulation with increased cardiac output and decreased systemic vascular resistance with a low arterial blood pressure (8, 20) . In cirrhotic patients, cardiovascular autonomic dysfunction (AD) is prevalent irrespective of etiology (15, 23, 48, 68) and contributes to an increased risk of morbidity and mortality (4, 18, 22, 23) . Evidence has suggested that cardiovascular AD is intimately implicated in the pathogenesis of hyperdynamic circulation (44, 69) . Despite the significance of probing the potential cellular mechanisms that underlie the autonomic complication, animal studies regarding this mechanism have been lacking.
The arterial baroreflex plays a critical role in the homeostatic regulation of arterial pressure by providing beat-to-beat negative feedback, which is initiated by arterial baroreceptors. Arterial baroreceptors comprise the mechanosensory nerve endings that are distributed in the walls of the aortic arch and carotid sinus and continuously monitor the magnitude of the systemic blood pressure (20) . Their cell bodies (i.e., baroreceptor neurons) are located in the nodose ganglia and petrosal ganglia. A change in blood pressure modulates the afferent discharge of baroreceptor neurons, which provides feedback to the cardiovascular center in the brain stem for the readjustment of sympathetic and vagal outflow to peripheral cardiovascular organs. Consequently, the heart rate (HR), cardiac contractility, and vascular resistance are reflexively modulated to yield a compensatory change in the blood pressure (32) . The baroreflex sensitivity (BRS) is an index of arterial baroreflex function and may be assessed by measuring the degree of HR slowing in response to a specific unit increase in blood pressure (50, 62) . Many clinical studies have demonstrated that a blunted BRS attests to the previously described cardiovascular AD in liver cirrhosis, and it is associated with a sympatho-vagal imbalance and greater impairments in vagal activity (2, 3, 19, 44, 48, 72) . Theoretically, liver cirrhosis-blunted BRS may arise from profound defects in the arterial baroreflex arc, which consists of afferent and efferent limbs, and the central autonomic pathways. However, to date, previous studies have not defined the defect sites in the arterial baroreflex arc in humans and experimental liver cirrhosis models. In the present study, we hypothesized that the impairment of the arterial baroreflex in cirrhotic rats is attributable to the dysfunction of aortic baroreceptor (AB) neurons. Thus we investigated whether the BRS and the excitability of AB neurons are decreased and the consequent ionic mechanisms that underlie AB neuron dysfunction in experimentally induced rat models of liver cirrhosis.
MATERIALS AND METHODS
Chemicals and antibodies. Thioacetamide (TAA) was purchased from Sigma-Aldrich (St. Louis, MO). Mouse monoclonal anti-␤-actin (1:2,000) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and rabbit polyclonal anti-Na v1.7, anti-Nav1.8, and anti-Nav1. 9 were purchased from Alomone Laboratories (Jerusalem, Israel).
Animals. Male Sprague-Dawley rats that weighed 150 -200 g were obtained from Orient Bio (Seongnam-Si, South Korea). All animal care and experimental procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of Yonsei University Wonju College of Medicine (approval no. YWC-120831-1). All rats used in this study were housed in individual cages under a 12-h:12-h light/dark cycle with controlled temperature (21-22°C) and ad libitum access to food and water.
Induction of liver cirrhosis. Biliary and nonbiliary cirrhotic rats were generated via common bile duct ligation (CBDL) and the intraperitoneal injection of TAA, respectively. CBDL was performed as previously described (42, 66) . After overnight fasting (12 h), the rats were anesthetized with a ketamine-rompun mixture (50 mg/kg ip). A midline laparotomy was performed immediately below the xiphoid process, and the common bile duct was ligated twice with 4-0 silk and cut between the ligatures. The sham-operated rats were subjected to a laparotomy without CBDL. To induce nonbiliary cirrhosis, the animals were intraperitoneally injected with saline or TAA (200 mg/kg) three times per week for 6 wk as previously described (13, 42) .
Histology. Liver tissues from the sham-operated, CBDL, and TAA rats were fixed in 4% buffered formalin, embedded in paraffin, and processed for conventional Masson's trichrome (MTC) staining of collagen. The MTC-stained tissue sections were examined via light microscopy.
Blood chemistry. All blood samples were collected from the tail vein of each rat and were centrifuged at 2,000 g for 10 min at 4°C. The aliquots of the separated serum were stored at Ϫ80°C until analysis. The serum aspartate aminotransferase (AST) (GOT) and alanine aminotransferase (ALT) (GPT) levels were determined with a FUJI DRICHEM 3500 (Fujifilm, Tokyo, Japan).
Evaluation of arterial baroreflex function. The arterial BRS was assessed by measuring the slowing of the HR in response to an increase in the blood pressure, which was induced with small intravenous boluses of phenylephrine (PE), as previously described (7, 11) . Briefly, the sham-operated and cirrhotic rats were anesthetized with urethane (0.75 g/kg in 0.9% saline ip). The right femoral artery was cannulated to record the blood pressure and HR. The left femoral vein was also cannulated to administer PE or saline. The arterial pressure and HR were synchronously and continuously recorded using a PowerLab data acquisition system with LabChart v7 software (AD Instruments, Colorado Springs, CO). After a 10-min stabilization period, the peak increases in the mean arterial pressure (MAP) in response to PE (5, 10, 20 , and 40 mg/kg) and the associated peak reflex decreases in the HR were recorded. The HR changes were converted to pulse interval values (PI, ms) with the following formula: 60,000/HR. For each drug dose, the BRS was calculated as the ratio between the changes in the HR (as PI) and the changes in the MAP (⌬PI/⌬MAP, ms/mmHg). The BRS was also determined for each rat as the slope (gain) of the relationship between the ⌬PI and the ⌬MAP in the range of all PE doses.
DiI labeling of AB neurons. The retrograde neuronal tracer, DiI (1,1-didodecyl-3,3,3,3-tetramethylindocarbo-cyanine perchlorate, 0.25% in DMSO) (Molecular Probes, Eugene, OR) was used to identify AB neurons that projected to the aorta as previously described (37) . One or two weeks before the electrophysiological recording, the rats were anesthetized with 2% isoflurane and mechanically ventilated. Following a thoracotomy at the third intercostal space, the pulmonary artery was retracted to expose the aortic arch. Approximately 2 l of DiI were injected into a region of the adventitia of the aortic arch with a microinjector. After the DiI injection, the surgical incision was closed, a negative intrathoracic pressure was reestablished, and the animals were allowed to recover. All surgical procedures were performed under sterile conditions. Dissociation of nodose ganglion neurons. Single nodose ganglion neurons were enzymatically dissociated using a modification of a previously described method (25) . Briefly, adult male rats (200 -300 g) were anesthetized with urethane (800 mg/kg). A pair of nodose ganglia was dissected and placed in cold HBSS (pH 7.4). The ganglia were desheathed, cut into small pieces, and incubated with 1 mg/ml collagenase type D (Roche Diagnostics, Mannheim, Germany), 0.15 mg/ml trypsin (Worthington, Harrison, NJ), and 0.1 mg/ml DNase type I (Sigma) in modified Earle's balanced salt solution (EBSS, pH 7.4) in a 25-cm 2 tissue culture flask. The EBSS was modified via the addition of 3.6 g/l glucose (Sigma) and 10 mM HEPES (Sigma). The flask was subsequently placed in a shaking water bath at 100 revolutions/min and 35.5°C for 60 min. Following incubation, the ganglia were dispersed into single neurons by vigorously shaking the flask that contained the ganglia. After centrifugation at 1,500 revolutions/min for 5 min, the dissociated neurons were resuspended in MEM (Invitrogen, Carlsbad, CA) that contained 10% FBS (Invitrogen), L-glutamine (Invitrogen), and 1% penicillin-streptomycin (Hyclone, Logan, UT). The neurons were subsequently plated on culture dishes (35 mm) coated with poly-L-lysine (Sigma) and maintained in a humidified 95% air-5% CO2 incubator at 37°C until use.
Electrophysiological recordings. Whole cell voltage-clamp and current-clamp recordings were obtained from the DiI-labeled AB neurons using an EPC-10 amplifier and pulse/pulsefit (v8.50) software (HEKA Electronik, Lambrecht, Germany), as previously described (26, 75) . The activation protocol consisted of step pulses (Ϫ100 to ϩ30 mV) for 50 ms from a holding potential of Ϫ100 mV. Steadystate inactivation protocol consisted of 1-s prepulses over a range of Ϫ100 to ϩ20 mV in 10-mV increments followed by a test pulse to 0 mV. Recovery from the inactivation was measured using a repetitive pulse protocol, in which inactivation was induced by depolarization steps to Ϫ20 and 0 mV, respectively, for the tetrodotoxin-sensitive (TTX-S) and TTX-resistant (TTX-R) NaV currents in the A-and C-type AB neurons of the sham-operated, CBDL, and TAA rats. The current induced by the second test pulse increased when the interval between the two pulses increased (60) . For the current-clamp recordings, a normal physiological salt solution was used as the external solution and contained (in mM) 135.0 NaCl, 5. and fire polished on a microforge, to have a resistance of ϳ2-3 M⍀ when filled with the previously described internal solution. The cell membrane capacitance and the series resistance were electronically compensated to Ͼ80%. All experiments were performed at room temperature (22-24°C) .
RNA isolation and real-time PCR analysis. Total RNA was extracted from the livers and nodose ganglia of the sham-operated, CBDL, and TAA rats using the RNeasy plus Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. The quantity and quality of RNA were assessed via spectrophotometry at 260 nm.
First-strand cDNA was synthesized from 1 g of total RNA via incubation with 50 U monkey murine leukemia virus reverse transcriptase (Roche) at 42°C for 1 h. Parallel reactions without reverse transcriptase were performed to confirm the absence of genomic DNA amplification. The transcriptional expression levels of ␣-smooth muscle actin (␣-SMA), type I collagen, and transforming growth factor-␤ (TGF-␤), which served as markers of fibrosis in liver tissues, and the NaV subtypes (NaV1.7, NaV1.8, and NaV1.9) in the whole nodose ganglia were quantified via real-time PCR analysis. PCR amplification was conducted with a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA) and the QuantiTect SYBR Green PCR kit (Qiagen). The GAPDH or ␤-actin genes were amplified as an internal reference. In liver tissues, GAPDH comprises the most stable housekeeping gene. The sequences of the real-time PCR primers are summarized in Table 1 . The thermal cycling conditions included a 15-min polymerase activation at 95°C, 40 cycles of 30 s at 95°C for denaturation, and 45 s at 60°C for annealing and extension. The specificity of each reaction was confirmed via analysis of the melting curve generated at the end of the PCR. The fold changes in the gene expression were analyzed using the comparative 2 Ϫ⌬⌬CT method (41) . Western blot analysis. Western blot analysis was performed as previously described (28) . Whole nodose ganglia were homogenized in ice-cold hypotonic buffer (10 mM Tris, pH 7.4) supplemented with protease inhibitor mixture (Sigma) and subsequently centrifuged at 13,200 revolutions/min for 10 min. The precipitated sample was dissolved in a lysis buffer (50 mM Tris·HCl, 150 mM NaCl, 1% NP-40, and protease inhibitors, pH 8.0), incubated for 40 min on ice, and subsequently centrifuged at 13,200 revolutions/min for 15 min to remove insoluble material. Aliquots of the lysates were obtained to quantify the amounts of total proteins using a protein assay solution (Bio-Rad, Hercules, CA). After being boiled in SDS buffer for 5 min, 40 g of the sample were separated on an SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane (Bio-Trace; Pall, East Hills, NY). The membrane was blocked with 0.1% Trisbuffered saline/Tween-20 (TBST) that contained 10% skim milk (DIFCO) for 1 h at room temperature; it was subsequently incubated for 3 h at 4°C with primary antibodies against Na V1.7 (1:200), NaV1.8 (1:200), Na V1.9 (1:200), or ␤-actin (1:2,000). The membrane was washed several times with cold 0.1% TBST and subsequently incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. After intensive washing with cold 0.1% TBST, the immunoreactive bands were visualized with an enhanced chemiluminescence Western blot detection reagent (Amersham Bioscience, Piscataway, NJ) on X-ray film.
Data analysis. The electrophysiological data were analyzed using the IGOR data analysis package (Wave-Metrics, Lake Oswego, OR) or GraphPad Prism (v4.0; GraphPad Software, La Jolla, CA). The chord conductance (G) was calculated from the corresponding peak current using the equation 
where Gmax represents the fitted maximal conductance, Vh represents the membrane potential for half-activation and inactivation, V m represents the command potential, and k represents the slope factor. Data points were fitted with a single exponential equation to determine the time constant of the recovery from inactivation. The fractional reactivation, which was calculated as the ratio of the peak currents elicited by the second depolarizing pulse (P2) and prepulse (P1), was plotted as a function of the interpulse intervals (60) .
The data are presented as the means Ϯ SE. Student's t-test or one-way ANOVA analyses with a post hoc test (Tukey's multiplecomparison test) were performed. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS

Validation of liver cirrhosis in experimental rat models.
Liver cirrhosis is histologically characterized by the formation of fibrotic scar tissues and abnormal nodules as a result of an excessive deposition of extracellular matrix (ECM) that primarily consists of type I collagen (43) . As previously demonstrated (1, 39), liver cirrhosis and ascites formation progressed more slowly in the TAA rats compared with the CBDL rats (data not shown). Thus we examined the development of fibrosis in the liver tissues using the MTC staining of collagen 3 wk after CBDL and 6 wk after the initiation of the TAA injections. Compared with the normal livers of the shamoperated rats, the livers of the CBDL and TAA rats exhibited a heavy collagen deposition, as verified by broad fibrotic septa that surrounded the nodules (Fig. 1A) . The liver tissues from the saline-injected controls exhibited a normal lobular architecture and minimal collagen deposition (data not shown). The liver-to-body weight percent was significantly increased in the CBDL (6.9 Ϯ 0.3%, n ϭ 5, P Ͻ 0.001) and TAA (5.0 Ϯ 0.2%, n ϭ 6, P Ͻ 0.01) rats compared with the sham-operated (3.9 Ϯ 0.1%, n ϭ 6) rats.
TGF-␤ is a key mediator of liver fibrosis that transforms quiescent hepatic stellate cells to ␣-SMA-positive, ECM-producing myofibroblasts (5) . In accordance with the histological examination, the real-time RT-PCR analysis indicated the transcripts encoding ␣-SMA (P Ͻ 0.001), type I collagen (P Ͻ 0.001), and TGF-␤ (P Ͻ 0.05) were significantly upregulated in the CBDL (n ϭ 6) and TAA (n ϭ 6) rats compared with sham-operated rats (n ϭ 6) (Fig. 1B) . Specifically, a sizable increase (ϳ8-fold) in the transcripts that encoded ␣-SMA and type I collagen suggests the development of advanced fibrosis, which is a typical characteristic of liver cirrhosis (5) .
The serum levels of AST and ALT, which are markers of hepatocellular injury, were significantly increased in the CBDL (n ϭ 6, P Ͻ 0.001) and TAA (n ϭ 6, P Ͻ 0.01) rats compared with the sham-operated rats (n ϭ 6) (Fig. 1C) . The average AST levels in the sham-operated, CBDL, and TAA rats were 81 Ϯ 7, 537 Ϯ 56, and 336 Ϯ 38 U/l, respectively. The ALT levels in the sham-operated, CBDL, and TAA rats were 44 Ϯ 2, 146 Ϯ 14, and 95 Ϯ 12 U/l, respectively. 
Impairment of arterial baroreflex in cirrhotic rats.
To confirm the impairment of the arterial baroreflex in the cirrhotic rats, we assessed the arterial BRS by measuring the peak increases in the MAP to PE (5, 10, 20, and 40 g/kg) and the associated peak reflex decreases in the HR. Consistent with previous studies (34, 47) , the baseline MAP, the HR, and the pressor responses to PE were similar in the sham-operated and cirrhotic rats. On average, the MAP was 95 Ϯ 3, 83 Ϯ 6, and 85 Ϯ 5 mmHg, respectively, and the HR was 345 Ϯ 8, 321 Ϯ 11, and 312 Ϯ 10 beats/min, respectively, in the sham-operated (n ϭ 6), CBDL (n ϭ 5), and TAA (n ϭ 5) rats. As shown in Fig. 2A , the BRS (⌬PI/⌬MAP, ms/mmHg) for each drug dose was significantly decreased in the CBDL (n ϭ 5, P Ͻ 0.05 for PE5, P Ͻ 0.01 for PE10, and P Ͻ 0.001 for PE20 and PE40) and TAA (n ϭ 5, P Ͻ 0.05 for PE10, and P Ͻ 0.001 for PE20 and PE40) rats compared with the sham-operated rats (n ϭ 6). The slope (i.e., baroreflex gain) of the relationship between the ⌬PI and ⌬MAP was significantly lower in the CBDL (0. . BRS for each drug dose was significantly decreased in the CBDL and TAA rats compared with the sham-operated rats (n ϭ 6). B: slope of the relationship between the ⌬PI and ⌬MAP. The baroreflex gain was significantly decreased in CBDL and TAA rats compared with sham-operated rats. C: time courses of cirrhosis-impaired arterial baroreflex. When evaluated for PE40, the BRS was significantly decreased at week 1, and its maximal changes were attained by week 3 and were maintained throughout the remaining experimental period in the CBDL and TAA rats. The magnitudes of the maximal BRS changes were similar between the CBDL and TAA rats. Data are presented as the means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 compared with the sham-operated rats.
0.09, n ϭ 5, P Ͻ 0.01) and TAA (0.47 Ϯ 0.08, n ϭ 5, P Ͻ 0.01) rats compared with the sham-operated rats (0.98 Ϯ 0.08, n ϭ 6) (Fig. 2B ). Taken together, these findings indicate that the arterial baroreflex is impaired in cirrhotic rats. Figure 2C indicates the time courses of the changes in the BRS measured for PE40 in the sham-operated and cirrhotic rats. The BRS was significantly decreased at week 1 after CBDL and TAA compared with after the sham operation. The maximal decrease in the BRS was attained at weeks 2 and 4, in the CBDL and TAA rats, respectively, and was maintained throughout the remaining experimental period.
Liver cirrhosis-induced hypoexcitability of AB neurons. We investigated whether the impairment of the arterial baroreflex arises from changes in the excitability of AB neurons. The rat aortic depressor nerve that innervates the aortic arch only contains baroreceptor afferent fibers and no chemoreceptor afferent fibers (29, 57) . Thus the AB neurons in the nodose ganglia were reliably identified by labeling them with the retrograde fluorescent tracer DiI (Fig. 3A) . However, it should be noted that a small number of AB neurons were labeled because DiI was injected into a region of the adventitia of the aortic arch. The AB neurons are classified as myelinated A␦-fiber (A-type) and unmyelinated C-fiber (C-type) neurons (30) , which are electrophysiologically discriminated by the presence or absence of the functional capsaicin receptor (TRPV1), as well as the shape and discharge properties of the action potentials (54, 59, 65) . Accordingly, the C-type but not the A-type AB neurons responded to a bath application of 1 M capsaicin by producing inward currents (Fig. 3B) . Compared with the A-type AB neurons, the C-type AB neurons exhibited action potentials with a definite inflection or "hump" during the repolarization phase, which extended the duration of the action potential (Fig. 3B) . In response to a strong depolarizing current (3 times the threshold) injection for 1 s, the A-type AB neurons exhibited a regular and sustained discharge of action potentials, whereas the C-type AB neurons exhibited a sparse and irregular discharge pattern (Fig. 3B) . The passive and active properties of the A-and C-type AB neurons in the sham-operated and cirrhotic rats are summarized in Tables 2  and 3 . Compared with the sham-operated rats, the excitability of the A-type AB neurons in the CBDL and TAA rats was significantly decreased and only exhibited one or two action potentials in response to the incremental depolarizing current stimulation (Fig. 4A ) (P Ͻ 0.001 for the sham-operated vs. CBDL and P Ͻ 0.001 for the sham-operated vs. TAA). On average, the A-type AB neurons of the sham-operated rats (n ϭ 16) discharged at 7.0 Ϯ 0.3, 13.0 Ϯ 0.8, and 15.0 Ϯ 0.9 spikes/s, in response to 1ϫ, 2ϫ, and 3ϫ threshold current stimulations, respectively. The A-type AB neurons of the CBDL rats (n ϭ 15) discharged at 1.2 Ϯ 0.1, 1.4 Ϯ 0.2, and 1.7 Ϯ 0.3 spikes/s, and the neurons of the TAA rats (n ϭ 13) discharged at 1.5 Ϯ 0.1, 1.8 Ϯ 0.3, and 2.6 Ϯ 0.5 spikes/s, in response to 1ϫ, 2ϫ, and 3ϫ threshold current stimulations, respectively (Fig. 4B) . The excitability of the C-type AB neurons was also significantly suppressed in the CBDL and TAA rats when they were stimulated with 2ϫ and 3ϫ threshold depolarizing currents ( (Fig. 4D) .
The altered excitability of AB neurons in cirrhotic rats was also assessed via the measurement of the threshold potential and current threshold (rheobase) for triggering action potentials (Fig. 5) . Thus the A-type AB neurons were stimulated with an incremental depolarizing current injection for 5 ms until single action potentials were generated (Fig. 5A) . Compared with the sham-operated rats, the two measures of excitability were significantly increased in the A-type AB neurons of the cirrhotic rats (P Ͻ 0.001 for the sham-operated vs. CBDL and P Ͻ 0.001 for the sham-operated vs. TAA). On average, the threshold potentials were Ϫ38.7 Ϯ 1.2, Ϫ26.2 Ϯ 1.5, and Ϫ27.4 Ϯ 1.4 mV in the sham-operated (n ϭ 16), CBDL (n ϭ 15), and TAA (n ϭ 13) rats, respectively ( Fig. 5A and Table 2 ). The rheobases were 38.0 Ϯ 3.1, 170.0 Ϯ 14.1, and 145.0 Ϯ 15.0 pA in the sham-operated, CBDL, and TAA rats, respectively ( Fig. 5A and Table 2 ). In the C-type AB neurons, the cirrhosis-induced change in excitability was also assessed by the measurement of the threshold potential and rheobase (Fig.  5B) . The threshold potential was significantly increased in the C-type AB neurons of the CBDL (Ϫ18.3 Ϯ 1.0 mV, n ϭ 16, P Ͻ 0.001) and TAA (Ϫ18.7 Ϯ 1.8 mV, n ϭ 14, P Ͻ 0.001) rats compared with those of sham-operated rats (Ϫ29.3 Ϯ 1.1 mV, n ϭ 15) (Fig. 5B and Table 3 ). In accordance with the changes in the threshold potential, the rheobase was also significantly increased in the C-type AB neurons of the CBDL (285.0 Ϯ 14.1 pA, P Ͻ 0.001) and TAA (273.0 Ϯ 15.0 pA, P Ͻ 0.001) rats compared with the sham-operated rats (150.0 Ϯ 6.4 pA) ( Fig. 5B and Table 3 ). Figure 6 illustrates the upstroke velocity (dV/dt) of the action potentials. The maximal dV/dt (dV/dt max ) reflects the maximal Na V current that flows during action potentials when the cell capacitance remains constant (6) . The dV/dt max was significantly decreased in the A-type AB neurons of the CBDL (119.0 Ϯ 8.0 mV/ms, n ϭ 15, P Ͻ 0.01) and TAA (125.0 Ϯ 11.0 mV/ms, n ϭ 13, P Ͻ 0.05) rats compared with the sham-operated rats (158.0 Ϯ 7.0 mV/ ms, n ϭ 16) (Fig. 6A and Table 2 ). The dV/dt max of the C-type Table  3 ). Taken together, the liver cirrhosis-induced hypoexcitability in the A-and C-type AB neurons of the cirrhotic rats is primarily attributable to the increased threshold and decreased upstroke velocity of action potentials. In addition to the threshold potential and rheobase, the durations of the action potential and afterhyperpolarization (AHP) were also altered in the A- Tables 2 and 3 for a summary of the average dV/dtmax in the A-and C-type AB neurons, respectively. and C-type AB neurons of the cirrhotic rats (Tables 3 and 4 and see also DISCUSSION) .
Downregulation of Na V channel expression in the nodose ganglion neurons of cirrhotic rats. Of the nine members of the Na V (77), the nodose ganglion neurons functionally express Na V 1.7, Na V 1.8, and Na V 1.9, which predominantly determine the threshold for action potential discharge in the A-and C-type AB neurons (59). Thus we investigated whether the expression levels of the Na V subtypes were downregulated in the cirrhotic rats. First, the real-time RT-PCR analysis indicate that the transcripts that encoded Na V 1.7, Na V 1.8, and Na V 1.9 were significantly decreased in the nodose ganglion neurons of the CBDL and TAA rats compared with the sham-operated rats (Fig. 7A) . The relative expressions of the transcripts that encoded Na V 1.7, Na V 1.8, and Na V 1.9 normalized to the GAPDH transcript were 0.37 Ϯ 0.07, 0.48 Ϯ 0.05, and 0.43 Ϯ 0.03, respectively, in the CBDL rats (n ϭ 6) and 0.43 Ϯ 0.03, 0.59 Ϯ 0.04, and 0.51 Ϯ 0.06, respectively, in the TAA rats (n ϭ 6). Consistent with the real-time PCR data, the Western blot analysis indicated the downregulation of Na V 1.7, Na V 1.8, and Na V 1.9 proteins in the nodose ganglion neurons of the cirrhotic rats (Fig. 7B) . Compared with the sham-operated rats (n ϭ 6), the relative levels of Na V 1.7, Na V 1.8, and Na V 1.9 proteins normalized to the ␤-actin protein were 0.52 Ϯ 0.06, 0.64 Ϯ 0.05, and 0.50 Ϯ 0.1, respectively, in the CBDL rats (n ϭ 6) and 0.58 Ϯ 0.08, 0.63 Ϯ 0.05, and 0.62 Ϯ 0.06, respectively, in the TAA rats (n ϭ 6) (Fig. 7B) . Taken together, these findings suggest that the ionic mechanisms that underlie the liver cirrhosis-induced hypoexcitability of AB neurons may involve the downregulation of Na V channel expression.
Decrease in Na V currents in the A-and C-type AB neurons of cirrhotic rats. Inward Na V currents in AB neurons were evoked by 50-ms test pulses that increased to ϩ20 mV from a holding potential of Ϫ80 mV in the presence or absence of 1 M TTX. Figure 8A shows the representative Na V current traces recorded from the A-type AB neurons of the shamoperated, CBDL, and TAA rats. Previous studies have demonstrated that the TTX-S Na V 1.7 is the major contributor to the Na V currents identified in A-type AB neurons (71) . Consistent with this finding, TTX negated nearly all Na V currents in the A-type AB neurons. The TTX-S Na V currents were initially activated at ϳϪ45 mV and peaked at Ϫ15 mV in the currentvoltage curve (Fig. 8B) . The peak TTX-S Na V current densities were significantly decreased in the A-type AB neurons of the CBDL (92.0 Ϯ 11.0 pA/pF, n ϭ 17, P Ͻ 0.001) and TAA (111.0 Ϯ 6.0 pA/pF, n ϭ 15, P Ͻ 0.001) rats compared with the sham-operated (182.0 Ϯ 12.0 pA/pF, n ϭ 16) rats (Figs. 8,  B and C) . Fig. 7 . Downregulation of the NaV subtypes expressed in the nodose ganglion neurons of cirrhotic rats. A: transcripts that encoded NaV1.7, NaV1.8, and NaV1.9 were significantly decreased in the nodose ganglion neurons of the CBDL and TAA rats compared with the sham-operated rats. ␤-Actin was amplified as an internal reference. The sequences of real-time PCR primers are summarized in Table 1 . B: expression of NaV1.7, NaV1.8, and NaV1.9 proteins was significantly decreased in the nodose ganglion neurons of the CBDL and TAA rats compared with the sham-operated rats. Summary of the relative protein level of each NaV channel isoform normalized to ␤-actin is shown. Data are presented as means Ϯ SE. **P Ͻ 0.01, ***P Ͻ 0.001 compared with the sham-operated rats.
Table 4. Summary of biophysical properties of TTX-S and TTX-R Na V currents in A-and C-type AB neurons of cirrhotic rats
In rats, the Na V currents in the C-type AB neurons are mediated by TTX-S Na V 1.7 as well as the TTX-R Na V 1.8 and Na V 1.9 (71) . As shown in Fig. 8A , the total Na V currents in the C-type AB neurons consisted of fast TTX-S currents and slow TTX-R currents. Compared with the TTX-S Na V currents, the initial activation and peak of the TTX-R Na V currents occurred at more depolarized voltages in the C-type AB neurons of both the sham-operated and cirrhotic rats (Fig. 9B) . The peak TTX-S Na V current densities were significantly decreased in the C-type AB neurons of the CBDL (52.0 Ϯ 3.0 pA/pF, n ϭ 18, P Ͻ 0.001) and TAA (53.0 Ϯ 5.0 pA/pF, n ϭ 16, P Ͻ 0.001) rats compared with the sham-operated (107.0 Ϯ 6.0 pA/pF, n ϭ 17) rats (Fig. 9, B and C) . Similarly, the peak TTX-R Na V current densities were significantly decreased in the C-type AB neurons of the CBDL (34.0 Ϯ 6.0 pA/pF, n ϭ 18, P Ͻ 0.01) and TAA (34.0 Ϯ 4.0 pA/pF, n ϭ 16, P Ͻ 0.01) rats compared with the sham-operated rats (77.0 Ϯ 6.0 pA/pF) (Fig. 9, B and C) .
To determine whether the biophysical properties of Na v channels are altered in the AB neurons of cirrhotic rats, we examined the voltage dependency of activation and steadystate inactivation and recovery from inactivation. The results indicated that the biophysical properties of the TTX-S and TTX-S and TTX-R Na v channels, respectively in the A-and C-type AB neurons were not affected in the cirrhotic rats (Fig.  10, Table 4 ). Thus we concluded that the decreases in Na V currents are attributable to the downregulation of Na V channel expression but not alterations in the biophysical properties of the Na V channels in the AB neurons of the cirrhotic rats. Taken together, these findings suggest that TTX-S Na V currents as well as both TTX-S and TTX-R Na V currents were downregulated in the A-and C-type AB neurons, respectively, in the CBDL and TAA rats.
DISCUSSION
Many clinical studies have reported that cardiovascular AD, which is manifested by the impairment of the arterial baroreflex, is associated with liver cirrhosis and substantially contributes to the increased morbidity and mortality in cirrhotic patients (2, 3, 19, 44, 48, 72) . Despite the significance of probing the cellular mechanisms that underlie the complication, animal studies of this mechanism have been lacking. The salient findings in the present study are that 1) the excitability of both A-and C-type AB neurons was negatively correlated with the discharge threshold, 2) the Na V (Na V 1.7, Na V 1.8, and Na V 1.9) transcripts and proteins were downregulated in nodose ganglion neurons, and 3) the TTX-S Na V currents as well as both the TTX-S and TTX-R Na V currents were suppressed in the A-and C-type AB neurons, respectively, in the cirrhotic rats compared with the sham-operated rats. Taken together, these findings implicate a key cellular mechanism in the cirrhosis-impaired arterial baroreflex.
We employed CBDL and the intraperitoneal injection of TAA to generate biliary and nonbiliary liver cirrhosis in rats, respectively (42) . The histological and molecular biological examinations confirmed CBDL-and TAA-induced fibrosis in the livers of the rats. In addition to the structural changes identified in the liver tissues of human patients with advanced liver cirrhosis, the cirrhotic rats exhibited significant increases in the serum AST and ALT levels, which may provide indirect proof of AD development (27) . In accordance with the prediction, the BRS is commonly blunted in both cirrhotic rat models. The TTX-S NaV currents were initially activated at ϳϪ45 mV and peaked at Ϫ15 mV. C: summary of the peak NaV current densities that were significantly decreased in the A-type AB neurons of the CBDL and TAA rats compared with the sham-operated rats. Data are presented as means Ϯ SE. Number of neurons tested is indicated in parentheses. ***P Ͻ 0.001 compared with the sham-operated rats.
These findings are consistent with the clinical observation that AD may develop in patients irrespective of cirrhotic etiology (15, 23, 48, 68) .
To assess the arterial baroreflex in the clinical setting as well as animal experiments, in general, the bradycardia produced by an intravenous bolus of a vasoconstrictor is measured. Among vasoconstrictors, PE is a pure ␣-adrenergic agonist and was selected because it has minimal effects on cardiac contractility and the central nervous system. In the present study, we investigated the other component of the baroreflex using sodium nitroprusside (SNP), a vasodilator. As previously reported (51), however, the baroreflex slopes induced by SNP were lower than the slopes induced by PE. Thus the two results obtained by the pressor and depressor drugs are not mirror images. This finding may be a result of the significant extravascular effects of nitrovasodilators that bias the measurement of the BRS in a low blood pressure condition (24, 46) . In addition, we used urethane instead of pentobarbital sodium to anesthetize the rats in the BRS experiments because pentobarbital attenuates the bradycardia response to the PE-induced high blood pressure condition. However, urethane attenuated the tachycardia response to a low blood pressure condition (64) . On the basis of these two reasons, it is not easy to analyze the full ranges of the arterial baroreflex. In contrast with our results and clinical studies, a previous study has reported that the arterial baroreflex did not differ between sham-operated and CBDL rats. This study identified a decrease in the efferent renal sympathetic nerve activity (ERSNA), which comprises a measure of the sympathetic outflow from the CNS, instead of the HR during the PE-induced baroreceptor activation (56) . The reason for the discrepancy between the two studies is unclear. Evidence suggests that the selection of anesthetics may affect the ERSNA and arterial baroreflex (61, 64) . For example, pentobarbital sodium simultaneously suppresses the ERSNA and reflex bradycardia (61, 64) . More importantly, the impairment of the arterial baroreflex was commonly identified in the CBDL and TAA rats under urethane anesthesia.
Several clinical studies have enabled us to predict that the cirrhosis-blunted BRS is associated with a sympatho-vagal imbalance, which consists of prevalent parasympathetic dysfunction accompanied by increased sympathetic function (31, 69) . However, the site and nature of the impairment of the Compared with the TTX-S NaV currents, the initial activation and the peak of TTX-R NaV currents occurred at more depolarized voltages in the C-type AB neurons of both the sham-operated and CBDL rats. C: summary of the peak TTX-S and TTX-R NaV current densities that were significantly decreased in the C-type AB neurons of the CBDL and TAA rats compared with the sham-operated rats. Data are presented as means Ϯ SE. **P Ͻ 0.01, ***P Ͻ 0.001 compared with sham-operated rats.
arterial baroreflex in liver cirrhosis remain unknown. The present study demonstrated that liver cirrhosis affects the afferent limb of the baroreflex arc by substantially decreasing the excitability of both the A-and C-type AB neurons. Although the exact underlying mechanisms remain elusive, each type of AB neuron has been suggested to play a unique role in the processing of the mechanosensory information to the CNS to evoke the reflex responses (16, 17, 59) . Thus the hypoexcitability of A-and C-type AB neurons may contribute to the cirrhosis-blunted BRS. Similar defects in the afferent limb have also been associated with a blunted BRS in other pathological conditions, such as diabetes mellitus (36) and chronic heart failure (71); however, the ionic mechanisms that underlie each defect appear to be somewhat diverse. Consistent with a previous study (60) , the A-type AB neurons exhibited a stereotyped regular and nonadapting discharge of action potentials with low thresholds, whereas the C-type AB neurons demonstrated a sparse and irregular discharge of action potentials with high thresholds in response to strong depolarizing current injections in the sham-operated rats. In addition, the action potential in the C-type AB neurons was wider compared with the A-type AB neurons. All differences in the electrical properties of AB neurons are primarily attributed to the differential expression of TTX-S and TTX-R Na V currents (45, 59, 60) . In rats, the Na V currents in the A-type AB neurons are mediated by TTX-S Na V 1.7, whereas the currents in the C-type AB neurons are conducted by both TTX-S Na V 1.7 and TTX-R Na V 1.8/Na V 1.9 (71) . TTX-S Na V 1.7 has a low activation threshold and strongly regulates neuronal excitability by setting the low threshold discharge of and fast upstroke velocity of action potentials (58 -60) . This relationship is supported by a recent finding that the selective silencing of Na V 1.7 with shRNA significantly suppressed the excitability of the nodose neurons by increasing the threshold and rheobase for evoking an action potential (45) . We demonstrated that the threshold and upstroke velocity of the action potentials were significantly decreased in the A-and C-type AB neurons of the cirrhotic rats. Accordingly, the cirrhosis-induced hypoexcitability of the AB neurons may primarily arise from the downregulation of the Na V 1.7 transcripts and proteins and the corresponding attenuation of the TTX-S Na V currents. In addition to the TTX-S Na V currents, the TTX-R Na V currents were also significantly decreased in the C-type AB neurons of the cirrhotic rats in the present study. In contrast to Na V 1.7, the contribution of each TTX-R Na V channel isoform to the generation of action potentials in C-type AB neurons remains elusive (59) . However, studies of knockout mice have suggested that Na V 1.8 and Na V 1.9 play substantial roles in the regulation of excitability in C-type dorsal root ganglion (DRG) neurons (53, 80) and myenteric neurons (49) , respectively. Thus the downregulation of TTX-R Na V 1.8 and Na v 1.9 channels is likely responsible for the cirrhosis-induced hypoexcitability of the C-type AB neuron to some degree. The relationship between the downregulation of Na V currents and decreased excitability has also been reported for axotomized DRG neurons (12, 14, 55, 73) and the AB neurons of rats with chronic heart failure (71) . A previous study demonstrated that the excitability of DRG neurons may be decreased by changes in the expression and biophysical (activation, inactivation, and deactivation) properties of Na V channels. However, the latter was not affected in the AB neurons of the cirrhotic rats. Nevertheless, we suggest that the hypoexcitability of AB neurons in the cirrhotic rats is not exclusively a result of the downregulation of Na V currents. We demonstrated that the action potential width and AHP duration were significantly increased in the A-type and C-type AB neurons of the cirrhotic rats. These findings suggest that the activities of K ϩ channels, including BK and SK channels, may be altered in the AB neurons of cirrhotic rats. In our preliminary experiments, the mRNA transcripts that encoded the hyperpolarization-activated channel isoforms (HCN1, HCN2, and HCN3) and the calcium-activated BK channel ␣-and ␤-subunits were significantly downregulated in the nodose neurons of the cirrhotic rats (Lee and Jeong, unpublished data). As previously demonstrated (21, 36, 76) , ZD7288 (10 M), a HCN channel blocker decreased the action potential discharge by increasing the AHP duration in A-and C-type AB neurons. IBTX (100 nM), a selective BK channel blocker decreased the action potential discharge via prolongation of the AP width in the C-type but not the A-type AB neurons. The exact ionic mechanisms that underlie the cirrhosis-induced increases in the AP and AHP duration are currently under examination (see 59) .
Future studies should be directed at probing the factors involved in the decreased excitability and Na V currents in the AB neurons of cirrhotic rats. We recently demonstrated that BRS was significantly blunted in an experimental rat model of portal hypertension (33) . Different types of vasopressors are produced from cirrhosis-induced portal hypertension (40) . A clinical study has suggested that the impairment of the arterial baroreflex is associated with the increased activity of the renin-angiotensin II-aldosterone system in cirrhotic patients (44) . Angiotensin II produces superoxide in many cell types via NADPH oxidase activation and mitochondrial dysfunction (67, 79) . In rats with chronic heart failure (70, 78) and diabetes (35, 38) , the decreased BRS and excitability of AB neurons have also been associated with angiotensin II-NADPH-oxidase-superoxide signaling. Thus, it may be interesting to investigate whether the signaling pathway mediates cirrhosisblunted BRS, as well as the excitability and expression of Na V channels in AB neurons.
In addition to AB neurons, liver-cirrhosis-blunted BRS may arise from profound defects in other levels of the arterial baroreflex arc. Liver cirrhosis may alter the mechanosensory transduction in baroreceptors and conduction through the afferent limb of the arterial reflex arc. Interestingly, the knockdown of Nav1.7 effectively blocked the conduction of action potentials through the A-and C-type vagal afferent fibers (45) . Accordingly, the activity of the aortic depressor nerves, which reflects the mechanosensory function of ABs, should be measured in response to changes in the MAP in cirrhotic rats. Recently, we have observed that cirrhosis induced functional changes in the peripheral efferent components (i.e., the stellate and intracardiac ganglion neurons) of the arterial baroreflex arc (C.-K. Lee and S.-W. Jeong, unpublished data). A previous study has demonstrated that the expression of c-Fos, a marker for neuronal activation, was increased in the cardiovascular center of cirrhotic rats (10, 63) , which implicated CNS dysfunction in hyperdynamic circulation (63) and the potential impairment of the arterial baroreflex. Thus studies, including electrophysiological studies, regarding the second-order baroreceptor neurons of the nucleus tractus solitaries as well as the central efferent neurons, are awaited. In conclusion, the arterial baroreflex is impaired in rats with CBDL-and TAA-induced liver cirrhosis. The key cellular mechanism that underlie the impairment of the arterial baroreflex may be the dysfunction of A-and C-type AB neurons, which is caused by the downregulation of Na V currents.
Perspectives and Significance
The present study is an initial attempt toward understanding the pathogenesis of cardiovascular AD, which increases morbidity and mortality in cirrhotic patients. We demonstrated that the blunted BRS was associated with the decreased excitability and downregulation of Na V channel expression in the A-and C-type AB neurons of the biliary and nonbiliary cirrhotic rats. As previously discussed, it is likely that portal hypertensioninduced production of vasopressors is a potential cause of the molecular and cellular changes in the AB neurons and the baroreflex impairment in cirrhotic rats. Thus the plausible strategies for the prevention and treatment of a cirrhosisimpaired arterial baroreflex may include 1) inhibition of hepatic stellate cell activation, which causes portal hypertension by increasing the hepatic resistance; 2) reduction of the portal pressure; and 3) blockade of vasopressor actions.
Cardiovascular AD, which is manifested by an impaired arterial baroreflex and decreased HR variability, is a common complication in different diseases, including cirrhosis, portal hypertension, heart failure, and diabetes; however, the underlying pathogenesis is quite different. Thus preclinical and clinical attention should be focused on probing the common mediator(s) of cardiovascular AD regardless of origin.
